This work focused on the synthesis and self-assembly of triphilic poly(2-oxazoline) triblock copolymers with high fluorine content towards our future aim of developing poly(2-oxazoline) MRI contrast agents. A highly fluorinated 2-substituted-2-oxazoline monomer, namely 2-(1H,1H,2H,2H-perfluorooctyl)-2-oxazoline was synthesized using the Grignard reaction. The polymerization kinetics of the synthesized monomer was studied and it was used for the preparation of triblock copolymers with hydrophilic 2-methyl-2-oxazoline, hydrophobic 2-octyl-2-oxazoline and fluorophilic blocks by Cationic Ring-Opening Polymerization yielding polymer with low relatively dispersity (1.2-1.4). The presence of the blocks with the different nature in one copolymer structure facilitated self-assembly of the copolymers in water and dimethylsulfoxide as observed by dynamic light scattering, cryo-transmition electron microscopy, and small-angle neutron scattering. The nanoparticle morphology is strongly influenced by the order and length of each block and the nature of solvent, leading to nanoparticles with core-shell structure as confirmed by small angle neutron scattering. The reported poly(2-oxazoline) block copolymers with high fluorine content have high potential for future development of MRI contrast agents.
INTRODUCTION
Since the first time that the cationic ring-opening polymerization (CROP) of 2-oxazolines was described in 1966, [1] [2] [3] [4] this method became a popular approach for the controlled synthesis of self-assembling polymer systems. Under appropriate conditions the CROP proceeds in a living mode, which makes it very useful for the synthesis of block copolymers.
Although it requires extreme purity of all components (lack of moisture and any nucleophilic impurities), the CROP of 2-oxazolines allows to obtain polymers with very low dispersity. By variation of the 2-oxazoline substituent one can obtain hydrophilic, hydrophobic, fluorophilic and various stimuli-responsive polymers (or blocks). 5 The self-assembly of hydrophilic-hydrophobic block copolymers in solutions is already studied in detail. [6] [7] [8] [9] Nowadays there is a continuous quest for block copolymers that contain two immiscible hydrophobic moieties to further sophisticate their self-assembly. One of the options is to combine lipophilic and fluorophilic fragments in one polymer. Despite their similar structure, alkyl chains and their fluorinated analogues possess quite different behavior in terms of solubility, flexibility, and polarizability. 10 Also fluorinated substances are promising as contrast agents in 19 F magnetic resonance imaging (MRI). Fluorine atoms have high MR sensitivity and 19 F MRI has virtually no background signal since the fluorine in body occurs almost exclusively in bones.
The small-angle X-ray scattering study had shown that these chain-end functionalized polymers self-assembled into cylindrical micelles with hypothetical multicompartment structure of the micellar core. Another approach for functionalization of poly(2-oxazoline)s by CROP termination with perfluorocarboxylic acids was described by Kaberov et.al. 29 A detailed study of the polymerization kinetics of fluorinated 2-phenyl-2-oxazolines was reported by Schubert. 30 The ABC triblock copolymers with 2-difluorophenyl-2-oxazoline block was found to form aggregates of unique rolled-up cylindrical morphology in aqueous milieu. 31 The synthesis of amphiphilic block copolymers of 2-1H,1H,2H,2H-perfluorohexyl-2-oxazoline and 2-methyl-2-oxazoline was provided by Jordan and co-workers. 25 Small-angle neutron scattering and Transmission Electron Microscopy (TEM) study proved the formation of elongated micelles in aqueous solution for these copolymers. Recently, we reported a detailed study of increasing the polymerization reactivity of fluorophilic 2-oxazolines by the insertion of alkyl spacers between a fluorinated substituent and the 2-oxazoline ring. 32 By this approach we suggested a new platform for the synthesis of a variety of triblock copoly(2-oxazoline)s with fluorinated blocks.
In the current work we tested the classical approaches for the synthesis of the highly fluorinated 2-(1H,1H,2H,2H-perfluorooctyl)-2-oxazoline (Rf 6 EtOx) monomer. On the basis of these unsuccessful attempts, we suggest an alternative pathway for the synthesis of this monomer based on a Grignard reaction step to make the perfluoralkyl acid and studied its polymerization kinetics. The insertion of a double methylene spacer significantly increases the monomer reactivity in the polymerization reaction. Further, we describe the synthesis of new poly(2-oxazoline) di-and triblock copolymers with mutually immiscible hydrophilic, hydrophobic and fluorophilic blocks. In the last part of the paper we present the self-assembly behaviour of the copolymers by Dynamic Light Scattering (DLS), Small-angle Neutron Scattering (SANS), and
Cryo-Transmission Electron Microscopy (Cryo-TEM). 
MATERIALS AND METHODS

Materials
6.7 Hz,CH3-, 3H).
Synthesis of N-(2-chloroethyl)nonyl amide
2-Chloroethylamine hydrochloride (11 g, 0.95 mol) was placed in a round-bottom flask. nNonanoic acid chloride (11 g, 0.057 mol) was dissolved in DCM (150 ml) and added to the same flask. The mixture was cooled in an ice bath. Then, triethylamine (30 ml, 0.216 mol) was added dropwise while stirring. The mixture was allowed to warm to room temperature and stirred overnight. The DCM was removed, and ethylacetate was added. 
Synthesis of 2-(n-octyl)-2-oxazoline (OctOx)
N-(2-Chloroethyl)nonylamide (9.9 g, 0.045 mol) synthesized in the previous step was dissolved in dry THF (20 ml), and 18-crown-6-ether (0.595 g, 0.00225 mol) was added. The mixture was cooled in an ice bath and potassium hydroxide (7.56 g, 0.135 mol) was added. The mixture was allowed to warm to room temperature and stirred overnight. THF was removed under reduced pressure, and the residue was dispersed in water and extracted 3 times with DCM. The organic layers were combined and dried with magnesium sulfate. After filtration and removing the solvent under reduced pressure, the resulting oil was dried with barium oxide and distilled under Subsequently, the rest of the solution of 1H,1H,2H,2H-perfluorooctyl iodide was added dropwise during 1.5-2 hours and then stirring was continued for another 3 hours. The mixture was cooled on an ice bath and then 15 g of dry ice were added slowly. The mixture was stirred for another 20 minutes before 25 mL of 20 % H2SO4 was added. The organic layer was separated, washed with saturated NaCl solution and dried over magnesium sulfate. The solvent was removed under reduced pressure and the residue was recrystallized from DCM. The resulting white crystals also contained the side product of iodide dimerization - 
Polymer synthesis
The synthesis of all polymers was performed in a pressure reactor (Ace pressure tube, Ace Glass, Inc.) under argon atmosphere using freshly distilled and dried monomers and solvents.
The general procedure was as follows: 
Methods
Dynamic Light Scattering (DLS)
Dynamic Light Scattering (DLS) was performed to characterize the copolymers in dilute solutions. For this purpose, the hydrodynamic diameter of the particles, Dh, and the scattering intensity were measured at a scattering angle of θ = 173° with a Zetasizer Nano-ZS instrument, model ZEN3600 (Malvern Instruments, UK). The DTS (Nano) program was used to evaluate the data. The intensity-weighted value of the apparent Dh and Polydispersity Index PDI were chosen to characterize the dispersity of the solutions. For clarity, distribution functions were normalized by the amplitude of the peak of the highest intensity.
All solutions were prepared via the direct dissolution of the copolymers in water or dimethylsulphoxide as well as via a solvent exchange method (for aqueous solutions only) in which the polymer was molecularly dissolved in methanol and self-assembly was induced by dialysis against water. Labio Biospher GMB100 7.5 mm x 300 mm, particle size 10 µm, size exclusion column, applicable in aqueous as well as in organic mobile phases, was used for the analysis of the poly(2-oxazoline)s using methanol as the mobile phase at 0.18 ml/min. The pump was a Barbara, CA). The angular dependence of the scattered light intensity was found to be negligible for all samples.
The refractive index increment of the poly(2-oxazoline)s in methanol was determined using a
Brookhaven BI-DNDC differential refractometer and BI-DNDCW software.
It should be noted here that this two detector arrangement with both a DAWN-DSP light scattering unit as an absolute molecular weight detector and single RI detection SEC units does not require the use of polymer standards to determine the polymer molar mass and dispersity (Ð).
Transmission Cryo-Electron Microscopy (Cryo-TEM)
Specimens were prepared in a controlled environment vitrification system (CEVS) at 25 °C and 100 % relative humidity. A drop (about 3 µL) of the sample was pipetted onto a perforated carbon film-coated electron microscopy copper grid, blotted with filter paper, and plunged into liquid ethane at its freezing point. Such specimens were then transferred to a Gatan 626 cryoholder and imaged at an acceleration voltage 200 kV in an FEI (Eindhoven, NL) Talos 200C high-resolution transmission electron microscope at about −175 °C, in the low-dose imaging mode to minimize electron-beam radiation-damage. Image contrast was enhanced by "phase- . In all cases, the two-dimensional scattering patterns were isotropic and were azimuthally averaged, resulting in the dependence of the scattered intensity Is(q) on the momentum transfer q = 4πsinθ/λ, where 2θ is the scattering angle.
The curves were corrected for background scattering from the empty cell and for detector efficiency. Helma quartz cells 1 and 2 mm thick were used for experiments. SANS Experiments were performed in D2O and DMSO-d6. The buffer was measured and proper subtracted.
SANS data fitting
The scattered intensity curves were fitted using the sphere with attached Gaussian chain model implemented in SASFit software. 37 The scattering curves in D2O and partially in DMSO-d6 were fitted using the following function:
The overall scattering intensity of the sphere with attached Gaussian chain written as: 
The scattering intensity for the brush of is given by:
The modified Porod function was used to describe the contribution of large aggregates (Pagg) at the lowest q range: 0 + 1 , where α is modified Porod exponent.
Excess scattering lengths of polymeric shell and a core were fixed during the fitting procedure.
The scattering curves from diblock copolymers in DMSO-d6 were fitted using the following function:
where Pggc describes the form factor of Generalized Gaussian coil:
here, = (2 + 1)(2 + 2) 2 2
6
, and Г ( 1 2 ) -Gamma function.
RESULTS AND DISCUSSIONS
Monomer synthesis
The synthesis of the hydrophobic 2-octyl-2-oxazoline monomer was performed as described in our previous work. 29 Subsequently, several pathways were tested for the synthesis of the 2-1H,1H,2H,2H-perfluorooctyl-2-oxazoline fluorophilic monomer. This monomer was chosen to have a strong fluorophilic character while the ethyl spacer ensures similar reactivity compared to 2-alkyl-2-oxazolines as we previously determined for 2-trifluoromethylethyl-2-oxazoline. 32 As the perfluoroalkyl chain length is extended compared to previous reports by Jordan, 25 the solubility is significantly reduced in common organic solvents complicating its synthesis.
Nonetheless, we first attempted to form the 1H,1H,2H,2H-perfluorooctylcyanide by reaction of the 1H,1H,2H,2H-perfluorooctyliodide with sodium cyanide, in analogy to the report of Jordan 25 for the preparation of the 2-(1H,1H,2H,2H-perfluorohexyl)-2-oxazoline via the WitteSeeliger synthesis of 2-oxazolines from nitriles (Scheme 1). 38 Unfortunately, the corresponding nitrile was not obtained under the described conditions in the case of 1H,1H,2H,2H-perfluorooctyl iodide, probably because of the lower solubility of the iodide.
[Cd(OAc) 2 Subsequently, we attempted the α-deprotonation of 2-methyl-2-oxazoline (MeOx) followed by a substitution reaction with an alkylbromide/iodide. 39, 40 More specifically, MeOx was deprotonated using n-butyllithium/tetramethylethylenediamine 41 and the obtained carbanion was then reacted with 1H,1H,2H,2H-perfluorooctylbromide to form 2-(1H,1H,2H,2H,3H,3H-perfluorononyl)-2-oxazoline (Scheme 2). Unfortunately, the attempt to apply this procedure for the synthesis of fluorinated 2-oxazolines failed and the usage of perfluorooctyl iodide was unsuccessful too. Alternatively, the failure may be (partially) due to elimination of HBr from the fluorinated reactant in presence of a strong base. Thus, it could be concluded that this method is not applicable for functionalization of 2-oxazolines by fluorine containing alkyl bromides/iodides.
In our third and successful attempt, we adopted the Wenker method for the synthesis of 2-oxazolines from β-halo amides, 42 supplemented by the synthesis of 1H,1H,2H,2H-perfluorononanoic acid via Grignard reaction as previously reported by Baker et al. 33 The required carboxylic acid with the ethyl spacer was synthesized starting from 1H,1H,2H,2H-perfluorooctyl iodide and magnesium in presence of iodine. The obtained Grignard reagent was then treated with dry ice yielding the target carboxylic acid, together with some unwanted iodide dimerization product (Scheme 3). The total yield of the desired acid was 40-50 %, which is in agreement with literature data. 33 The use of 1H,1H,2H,2H-perfluorooctyl bromide decreased the amount of dimer formation and also increased the yield of the acid (up to 60 %). Subsequently, the obtained 1H,1H,2H,2H-perfluorooctyl carboxylic acid was converted to the acid chloride by the reaction with thionyl chloride, followed by reaction with 2-bromoethylamine hydrobromide in the presence of excess trimethylamine inducing in situ ringclosure of the formed amidoethylbromide to the 2-oxazoline ring. The Rf 6 EtOx was isolated by distillation with a total yield up to 50 % which is higher than the one described by Jordan et al.. 25 We conclude that the Grignard reaction based procedure could be used as an alternative way for the synthesis of fluorine containing 2-oxazolines.
The polymerization kinetics of Rf 6 EtOx was studied according to the standard procedure, being polymerization at 140 o C in acetonitrile with methyl tosylate (MeOTs) as initiator. 43 The conversion of the monomer was followed by gas chromatography, which is plotted in a first order kinetic plot in Figure 1 . The Rf 6 EtOx monomer shows linear first order kinetics, which is typical for living CROP. The kp value calculated from the slope is 143*10 -3 L*mol -1 *s -1 , which is very similar to the kp of 2-methyl-2-oxazoline (146*10 -3 L*mol -1 *s -1 ). 44 Also, the similarity of the kp for Rf 6 EtOx and for obtained earlier 2-(3,3,3-trifluoropropyl)-2-oxazoline (CF3EtOx, kp=129*10 -3 L*mol -1 *s -1 ) 32 demonstrates that the length of the perfluoroalkyl substituent in 2-oxazolines with a double methylene spacer do not affect the kp value. Even at low DP, poly-2-(1H,1H,2H,2H-perfluorooctyl)-2-oxazolines (polyRf 6 EtOx) was found to be insoluble at room temperature, thereby obstructing the analysis of its Mn and dispersity. 
Block Copolymer synthesis
Having obtained the fluorinated monomer, we performed the synthesis of amphiphilic di-and triblock copolymers. 2-Methyl-2-oxazoline was used for the synthesis of the hydrophilic block and 2-n-octyl-2-oxazoline (OctOx) was chosen for the hydrophobic block as nonfluorinated analogue of Rf 6 EtOx (Figure 2 ). It was also proposed that combination of long fluorinated and non-fluorinated fragments will promote the formation of multicompartment micelles in solution. All polymers were synthesized via CROP in acetonitrile using MeOTos as the initiator. The monomers were polymerized subsequently, whereby the next monomer was added after a full conversion of the previous one. The full conversion time was calculated by following formula:
using literature data 44 To ensure the water solubility of the resulting copolymers, a high molar ratio of the hydrophilic block was taken. Despite this, the wt. % of fluorophilic block in the copolymers is quite high due to high molecular weight of fluorophilic monomer of 417 g/mol. With increasing of the fluorinated block length, the copolymers become insoluble even in methanol (e.g. polymers PD
and PF in Table 1 ), which may be attributed to the high crystallization tendency of fluoroalkyl chains.
All polymers were characterized by SEC-MALS and 1 H NMR spectroscopy, and the results are presented in Table 1 . 
Self-assembly study
The copolymers P1-P6 were found to be molecularly dissolved in several solvents including methanol, ethanol, chloroform, similarly to our previous studies on fluorinated poly(2-oxazoline)s.
29,32
The aqueous solutions of the copolymers were prepared using two procedures. In the first case the polymers were first dissolved in methanol and then dialyzed against water. The alternative procedure was direct dissolution of the copolymers in water.
According to the DLS results, the solutions of diblock copolymers that were prepared by dialysis contained mainly small particles with a hydrodynamic diameter Dh of 20-40 nm and a minor fraction of larger aggregates (See Supporting Information Figure S3 ).
The preparation method has some impact on the fraction of large aggregates. The distribution functions for all diblock copolymers obtained by direct dissolution have a higher content of particles with mean Dh value of 150-300 nm. To gain deeper insights on each fraction that was observed in the DLS study, cryo-TEM experiments were conducted. The cryo-TEM images of the P2 copolymer in water shows that polymersomes are formed in both cases, whereby their diameter depends on the preparation method ( Figure 3 A and B) . Although the obtained copolymers are molecularly soluble in a number of solvents, their selfassembly in non-aqueous solvents could be expected as well. It is known that polymers solubility is affected by many factors and it is essential to use a parameter that takes into account the contribution of different origin. For that reason the Hansen solubility parameters were chosen. The total of Hansen solubility parameter δtotal consists of three components:
where δd, δp and δh are components related to dispersion interactions, polarity and hydrogen bonding, respectively. 45 The Table 2 represents the literature data 45 on Hansen parameters for the solvents used in our study and the solution behavior of obtained copolymers. One can see that water has the highest value of δp and it could be hypothesized that self-assembly could be observed in solvent with polarity comparable to water. The additional DLS study of 10 mg/mL polymer solutions prepared via direct dissolving in a number of solvents was carried out (for the full list of used solvents see Supporting Information Table S1 ). It was found that the copolymers P1-P6 are molecularly soluble in solvents with the δp value below 14. At the same time, the DLS study of di-and triblock copolymers solutions in dimethyl sulphoxide (DMSO, δp=16.4) demonstrates unimodal distributions with a mean Dh value in a range of 150-200 nm (see Supporting Information Figure S4 ). This observation gives indirect support of our hypothesis that the analysis of the polar contribution of Hansen solubility parameter could be used for a first estimation of the self-assembly of fluorinated polyoxazoline copolymers.
Nanoparticle morphology
Small Angle Neutron Scattering (SANS) was used to probe the nanoparticles architecture and determine their molecular parameters. The use of SANS allows to get more information about small particles compared with DLS method. The copolymers solutions were prepared by direct dissolution in pure D2O and DMSO-d6.
Under these conditions, the scattering from both core and shell is obtained as they are not matched with a particular solvent. The small q value data for polymers P1 and P4 were not measured because of their similarity at middle and high q ranges to P3 and P6 polymers, respectively.
The scattering curves obtained for the D2O solutions demonstrate similar shape and can be well fitted with the "Sphere with attached Gaussian chain" model, assuming a Schulz-Zimm distribution for shell thickness. Also, the contribution of large aggregates was added as a background to take into account the presence of polymersomes and increase the fit quality. The calculated structural parameters are presented in Table 3 . The obtained value of the core radii and shell thickness are in the range of 18-24 nm, which is in agreement with the Rh as observed in the DLS measurements and cryo-TEM. Unfortunately, the overall correlation between the diblock copolymer structural parameters and the polymer composition could not be achieved, mainly because of high polydispersity of the hydrophilic shell. Nevertheless, the significant increase of the mean micellar core radius with introduction of the OctOx hydrophobic block can be observed (from 3.5 to 6 nm). This observation indicates the coexistence of the lipophilic and fluorophilic fragments in the core.
Unlike to aqueous solutions, the MeOx-Rf 6 EtOx diblock copolymers were found to be molecularly dissolved in DMSO-d6 (Figure 5 B) . The disagreement between SANS and DLS data where peaks with 100-200 nm were only present on a distribution function is explained by the high sensitivity of DLS to the presence of large aggregates, which obstruct the small particles detection. The successful fitting for copolymers P1 and P3 in DMSO-d6 was achieved using "Generalised Gaussian coil" model (Table 4 ) with a contribution of the large aggregates as a background. It could be concluded from the high value of the Flory parameter  that DMSO is a "good solvent" for these polymers. The  values of 0.75 and 0.93 imply that macromolecules exist in highly extended conformation that could be explained by the intrinsic rigidity of the fluorinated block. In contrast, the shape of the SANS curves of the triblock copolymers P4-P6 in DMSO-d6
indicates the presence of aggregates ( Figure 5B ). This observation implies that the hydrophobic POctOx block is mainly responsible for the self-assembly in DMSO. The scattering data could well be fitted using the monodisperse "Sphere with attached Gaussian chains" model (Table 4) . The mean aggregates radii in DMSO is 20-26 nm, which is in the same range as in D2O
solutions. It also can be seen that the change in the location of the hydrophobic block affects the size of the aggregates: the P5 copolymer with lipophilic end block forms larger aggregates than the P4 copolymer of similar composition with lipophilic block in the middle. Such effect of the block order was previously observed only for aqueous solutions. 46 The core radii of P4 and P6 aggregates also have the similar values in D2O and in DMSO-d6.
Therefore it is proposed that in DMSO-d6 the core is also composed of both lipophilic and fluorophilic blocks, despite the affinity of the last one to DMSO. Such ordering could be explained by the strong interactions between alkyl fragments in lipophilic layer and short length of the fluorophilic block.
The difference in solution behavior of polymers P1-P6 in water and DMSO could be explained by comparison of their Hansen polarity (δp) and hydrogen bonds (δh) contributions. Indeed, MeOx has the highest polarity, while OctOx is almost nonpolar. The presence of these blocks in one macromolecule produces high non-homogeneity in polarity and facilitates self-assembly in polar water and DMSO. Also, this contrast is enhanced by the difference in ability to Hbonding, which is much stronger for PMeOx then for POctOx. At the same time, PRf 6 EtOx possesses noticeable polarity due to its structure, but still has low ability to form H-bonds. 10 Therefore, we can assume that PMeOx-b-PRf 6 EtOx diblock copolymers form micelles in aqueous solution, whereas in DMSO, where H-bonding effect is much lower; they are molecularly dissolved.
Conclusion
In this paper we tested a several approaches for the synthesis of highly fluorinated 2-oxazolines. Further investigation of the nanoparticle morphologies was done by SANS revealing that the presence of both the POctOx and the PRf 6 EtOx blocks results in the formation of nanoparticles with a core-shell structure in aqueous solutions of both di-and triblock copolymers, whereas in DMSO the presence of the POctOx block is required for the self-assembly. It was also found that in DMSO the block order has an influence on the aggregate size and structure in the same way as it was observed for aqueous solutions. The importance of Hansen polarity contribution is revealed for self-assembly of these fluorinated copolymers.
The obtained polymers represent a potential platform for application as
